INTRODUCTION
Toll-like receptors (TLRs) are pattern recognition receptors (PRR), which sense invading pathogens by recognizing pathogenassociated molecular patterns (PAMPS). TLRs recognize several PAMPS of the Mycobacterium tuberculosis, such as the 19 kD lipoprotein (19LP), soluble tuberculosis factor (STF), lipomannan (LM), lipoarabinomannan (LAM) and the heat shock protein 65 (HSP65). In the presence of adapter proteins, PAMPs recognition initiates signaling pathways that lead to activation of the factor NFkB and induction of a rapid immune response, innate and adaptive. Sensing of the mycobacterial DNA requires TLR-9 and the adapter protein myeloid differentiation factor 88 (MyD88); 19LP, LM, LAM and STF require TLR-2 and MyD88, whereas the HSP65 requires TLR-4, MyD88 and the TIR domain-containing adapter protein (TIRAP; also known as Mal). 1 The MyD88 and TIRAP genes map to chromosomes 3p21.3-p2 2 and 11q24.2, 3 respectively. MyD88-deficient mice (MyD88 À / À ) display defective production of TNF-a, IL-12 and NO, and upon infection with M. tuberculosis die within 4 weeks. 4 TIRAP À / À mice instead can efficiently control M. tuberculosis infection. 5 The TIRAP single-nucleotide polymorphism C558T is associated with susceptibility to meningeal tuberculosis 6, 7 and the single-nucleotide polymorphism S180L (rs8177374) of the same gene with protection against malaria, tuberculosis, bacteremia and invasive pneumococcal disease. 3 Subsequent studies however did not confirm the protective role of S180L against tuberculosis. 8, 9 One more study 10 reported that neither TIRAP (rs352165 and rs352167) nor MyD88 (rs4988457 and rs6767684) genes influence tuberculosis. The discrepancies that emerged when these genes-or even the same single-nucleotide polymorphism (rs81777374) 3, 9 -were studied in different ethnicities intrigued the present authors, who decided to investigate the association of MyD88 and TIRAP with pulmonary tuberculosis in a sample of Italian population. Here they show that in this population heterozygosity at the polymorphic sites MyD88 rs6853 or TIRAP rs81777374 is associated with resistance to pulmonary tuberculosis. The two genes cooperate or antagonize each other, depending upon the allelic combination.
RESULTS

Study design
To reduce the type I error and the drawback of multiple comparison corrections, a two-stage study was followed. The first stage was limited to 100 cases and 100 controls and it included the polymorphic sites TIRAP rs8177374 and MyD88 rs6853. The rs8177374 site was included because in previous studies it yielded contrasting results; 3,9 the rs6853 site was included because it was the only one, among the five tested, to display a frequency of the rarer allele 40.05. Both polymorphic sites displayed a statistically significant association with the disease (P-value o0.05) ( Table 1) . Based on the data from this preliminary study (MyD88: odds ratio (OR): 0.40 and proportion of controls with susceptible genotypes: 0.61; TIRAP: OR: 0.48 and proportion of controls with susceptible genotypes: 0.64), it was calculated that a sample of 185 cases and 185 controls (in the case of MyD88) and 313 cases and 313 controls (in the case of TIRAP) would provide 96% power and a two-sided significance level of 0.01. The second stage of the study was conducted on 400 cases and 400 controls (independent from cases and controls included in the preliminary test). To limit the study to a homogeneous disease spectrum, cases were all patients with a clinical diagnosis of pulmonary tuberculosis, confirmed by chest X-ray, bacteriological and PCR-positive tests. The bacteriological test was carried out on sputum samples. Cases were all treated at the Monaldi hospital (Naples), the southern Italy reference center for tuberculosis. Controls were household contacts (spouses or husbands of patients) without clinical signs of tuberculosis (negative to the interferon test). Thus, controls were genetically unrelated subjects, who remained healthy though exposed (42 years) to the pathogen. Criteria for definition of cases and controls were the same for both stages of the study. Cases and controls were collected over a 5-year time period. In this time interval six controls became positive to the interferon test and were excluded. Cases consisted of 258 males and 142 females (mean age: 50±19 years); controls consisted of 222 males and 178 females (mean age: 49 ± 17 years). The study was approved by the ethic committee of the Monaldi hospital. Informed consent was obtained from all subjects who participated to the study.
Heterozygosity is associated with protection against pulmonary tuberculosis Genotype frequencies at the rs6853 and rs8177374 markers were in Hardy-Weinberg equilibrium among controls but not among cases (Table 2) , as expected if the single-nucleotide polymorphisms and pulmonary tuberculosis were associated. The association was confirmed by Fisher's exact test (Table 2) . At both loci, heterozygosity (the AG or CT status) was associated with protection from pulmonary tuberculosis; protection persisted when the two classes of homozygotes were pooled (AG vs AA þ GG or TC vs TT þ CC) ( Table 2) .
Age is a known risk factor for pulmonary tuberculosis.
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Therefore, ORs associated with different genotypes were corrected from the age confounding effect by the MantelHaenszel test (Table 3) . After correction, double heterozygosity (AG/CT) still afforded a higher level of protection (OR: 0.16) compared with single heterozygosity (AG, OR: 0.41; CT, OR: 0.42) ( Table 3 ). To know how the age risk varied across strata, the data were then re-analyzed according to the logistic regression model. The analysis was restricted to the numerically more representative MyD88, TIRAP and tuberculosis R Capparelli et al age categories, consisting of X45 subjects. Apart from the category 31-40 years vs 21-30 years (apparently protected, P ¼ 0.31), the model showed that the risk of developing the disease increases with age from the 31-40 years to the 71-80 years categories, as shown by the steadily increasing ORs (from 1.32 to 13.59) ( Table 4) . Clearly, aging-and possibly agingassociated covariates (smoking, diabetes and prolonged exposure to the pathogen)-can overcome genetic resistance. The authors did not have complete access to the clinical records of the patients and therefore could not investigate the role of these potential confounders.
The logistic regression model was also used to dissect the contribution of single genotypes and their interactions with the ORs. Particularly evident is the interaction between the AG and CT genotypes (estimated OR: 0.09) and in the opposite direction the interactions between the GG and TT, AA and CC, and AA and CT genotypes (OR: 5.78, 5.78, 7.46) ( Table 5 ).
The association resists stratification The study was extended to one sample of people from Romany and one from Ukraine. The study, though underpowered, confirmed the protective role of the heterozygous status at the rs6853 (P ¼ 0.003-0.004) and rs8177374 (P ¼ 0.01-0.02) sites ( Table 2 ). The protective role persisted when the samples from Romany, Ukraine and Italy were pooled (rs6853: P ¼ 8 Â 10 À 13 ; rs8177374: P ¼ 5.3 Â 10 À 10 ) ( Table 2) . Thus, the association of rs6853 and rs8177374 with pulmonary tuberculosis extended to the several ethnicities tested in this study and resisted the artificial stratification determined by pooling different ethnicities.
Heterozygosity curbs inflammation
Peripheral blood mononuclear cells (PBMCs) from healthy volunteers (nine genotypic groups; five samples/group) were stimulated with heat-killed M. tuberculosis strain H37Rv and the levels of TNF-a, IFN-g and NO were then measured. In the AA genotype context, CT subjects displayed intermediate levels of TNF-a, IFN-g and NO compared with CC or TT subjects. In the AG genotype context, the data showed the same tendency, though the differences between subgroups were not always significant. Further, the lowest cytokines levels were observed in the subjects carrying the GG genotype, as if the A allele favors cytokines production, whereas the G allele curbs it. On the whole, the data indicate that heterozygosity is associated with an intermediate level of cytokines and NO (Figure 1 ).
The experimental data were then analyzed by the generalized linear model. This methodology permits to study relationships between response variables (in the present study IFN-g, TNF-a or NO) and a set of predictor variables (in the present study MyD88 and TIRAP) to extract patterns. In addition, the methodology can be applied to data that presumably are not normally distributed (as in the present case, where only a small number of blood samples was examined). The model calculated the parameters b1, b2 and b3, which measure how MyD88, TIRAP and the MyD88-TIRAP interactions influence the levels of IFN-g, TNF-a and NO. Phrased another way, the model quantified the relationship between predictor variables and their interactions with one response variable (the effect of the MyD88 or TIRAP genotypes on each Abbreviations: CI, 95% confidence interval; OR, odds ratio; P, significance level; n.s., non significant. (Table 6 ). The predictive power of the model collapsed when the two loci were analyzed separately. This finding suggests that the two loci strongly cooperate to control the disease. This conclusion is strongly supported by the evidence that TIRAP and MyD88 form heterodimers.
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In silico analysis of polymorphic sites The site rs6853 resides in the 3 0 UTR region of the MyD88 gene. Comparison of genomic sequences from different species showed that both the A and G nucleotides are conserved across species, suggesting that they are maintained-or at least tolerated-by natural selection (Figure 2) . Further, the rs6853 was found to overlap with 4 ENCODE tracks (H3K4Me1, H3K4Me3, H3K27Ac and Broad Chromatin HMM marks) detected by Chromatin Immuno Precipitation Sequencing (ChIP-Seq) technique. This finding points out the potential of the rs6853 polymorphic site-though it is located in the 3 0 UTR-to influence the interaction of the MyD88 mRNA with protein factors.
The site rs8177374, residing on the exon 5 of the TIRAP gene, provided the opportunity to test whether the change of a serine to leucine at position 180 alters the protein structure. The amino acids were both frequently represented at position 180 among the TIRAP proteins from 22 mammalian species and the SIFT algorithm predicted that they both are compatible with protein activity (Figure 3) . At the same time, the I-TASSER server predicted that the amino-acid change (S to L) at position 180 affects the secondary and tertiary structures of the TIRAP protein. This finding extends to the A and B isoforms originating from the same mRNA molecule by alternative splicing (Figure 4 ) and provides further ground to the biological plausibility of the polymorphism.
DISCUSSION
Very little is known about the crosstalk occurring among genes influencing pathogen resistance. In this article we explored how the genes MyD88 and TIRAP influence each other. The hypothesis that the two genes might interact seemed plausible, as the MyD88 and TIRAP proteins both act as signaling molecules of the TLRs. 1 We found that the two genes cooperate or antagonize each other, depending upon the allele combination. Heterozygosity at both loci provides stronger protection (P ¼ 1.3 Â 10 À 12 , age-corrected; Table 3 ) than heterozygosity at one single locus (P(MyD88) ¼ 7.8 Â 10 Table 2 ). At the same time, in AG/TT subjects the genotype TT neutralizes the protection afforded by the genotype AG (Table 5 ). These data, though limited, clearly show how the concurrent analysis of two or more genes working along the same pathway helps to better define the phenotype (show how independent genes may contribute to shape the same phenotype). The approach therefore can help to design case-control studies that are clinically more relevant (studies more likely to predict disease outcome). The evidence that the gene under study can be influenced by background genes can also contribute to explain why the same gene might be associated with protection to a pathogen in one population but not in another one.
In general, subjects heterozygous at the MyD88 or the TIRAP loci display intermediate levels of IFN-g, TNF-a or NO (Figure 1) . IFN-g, TNF-a and NO have a major role against M. tuberculosis infection. [13] [14] [15] [16] NO exerts strong anti-mycobacterial activity and, along with TNF-a, favors granuloma formation. 17 IFN-g induces the production of NO, 16 expression of MHC II molecules and antigen presentation. 15 However, there is also evidence that overexpression of these molecules favors tuberculosis. Many of the symptoms of tuberculosis are caused by the immune response of the host, rather than by the mycobacterium. 18 Disease reactivation has been observed after therapeutic treatment with TNF-a 19 or in HIV-infected patients after antiretroviral therapy. 20 As deficiency as well as overexpression of TNF-a, IFN-g or NO favor tuberculosis, the biological advantage of an intermediate level of pro-inflammatory cytokines and NO production becomes clear. This biological advantage is more manifest in the double heterozygotes ( Figure 1 . Effect of heterozygosity at the TIRAP or MyD88 loci on levels of TNF-a, IFN-g and NO. The differences in cytokines and NO levels between the AA, GG and AG genotype subgroups were assessed by the ANOVA with Tukey's post hoc test coupled with bootstrap re-sampling (2000 samples and CI 99%). The asterisk indicates statistically significant differences (Po0.001).
molecular level (Figure 1 ). The advantage expressed by heterozygotes suggests that allelic frequencies at the rs6853 and rs8177374 polymorphic sites are maintained by balanced polymorphism, where homozygosity is associated with pulmonary tuberculosis and heterozygosity with resistance. The hypothesis of the balanced polymorphism agrees with the evidence that nucleotides (AG and CT) at the rs6853 and rs8177374 sites respectively are highly conserved throughout speciation (Figures 2  and 3 ). As the TIRAP gene confers resistance to several diseases, 3 allelic frequencies at this locus might reflect multiple selective Within each dependent variable (IFN-g, TNF-a and NO levels), the b 1 , b 2 and b 3 parameters weigh the effect of predictors (MyD88 and TIRAP genotypes) on the dependent variable fitting the model
Different letters indicate statistically significant differences between genotypes at Tukey's HSD post hoc test (Po0.001).
b The model predicts cytokines and NO levels based on the MyD88 and TIRAP genotypes and their interactions. The model was not accurate when applied to one single genotype. 
UniRef90_Q6TQG3 Consensus Conservation 0% 100% Figure 3 . Multi-alignment and conservation analysis of 22 TIRAP protein sequences within a region surrounding the polymorphic site under study (marked with a red line). The serine and leucine amino acid at position 180 are both conserved across species. The automatic search for similar sequences and alignment against the human TIRAP protein was obtained through the SIFT tool (http://sift.jcvi.org/).
pressures. Finally, the crucial role exerted by TNF-a, IFN-g and NO on tuberculosis [14] [15] [16] [17] [18] [19] and the influence of the MyD88 and TIRAP genes on the control of these factors (Figure 1 ) suggest that the association is between MyD88 and TIRAP, rather than genes closely linked to them.
Disturbingly, association studies lack reproducibility. 21, 22 The following characteristics of the present study invite to a cautious optimism about its reproducibility: independent replication (adoption of a two-stage study design, which directly tested reproducibility of the association); low P-value (10 À 6 -10
); selection of homogeneous cases (the study enrolled only patients with pulmonary tuberculosis, clinically diagnosed and confirmed by chest X-ray and positive bacteriological and PCR tests); use of appropriate controls (subjects without the disease, but exposed to M. tuberculosis and genetically unrelated to cases); biological plausibility of the genes selected for study 1, 16 ( Figure 1) . Further, the evidence that the association is found in three independent ethnicities (Table 2) makes it unlikely that it is an artifact arising from the demographic structure of the sample population examined.
The association of the MyD88 and TIRAP genes with pulmonary tuberculosis provided contrasting results when examined in different populations. 3, [8] [9] [10] Is non-reproducibility necessarily an artifact? We think not. New alleles constantly arise in the human genome, 23, 24 creating a vast genetic heterogeneity, which interactions between genes and the environment further amplify. All this genetic heterogeneity is difficult to detect a priori and plausibly contributes to the irreproducibility of association studies. This concept is not new 25 and recently has been proposed again. 26 Replication studies are one way for distinguishing between artifacts and true associations. 27, 28 One single study may not be trusted, but two or more concurrent and methodologically meaningful studies reinforce each other. Metanalysis of 25 association studies indicates that two independent studies both with Po0.001 have high replication probability. 29 In conclusion, the association of rs8177374 with pulmonary tuberculosis (characterized by P-values o9.6 Â 10 À 8 in the study by Khor et al. 3 and 2 Â 10 À 6 in this article; Table 2 ) very likely will be confirmed to affect the risk of the disease also in future studies, possibly as a population-limited risk factor. The rs6853 site instead-associated with tuberculosis in this study (P ¼ 7.8 Â 10 À 8; Table 2 ) but not in two previous ones 8, 10 -at present must stand as an exploratory, hypothesis-testing study.
MATERIALS AND METHODS Genotyping
DNA was extracted from blood samples with the phenol-chloroform method. 30 PCR was carried out using probes, the step-one real-time PCR system and the TaqMan universal PCR master mix from Applied Biosystems (Life Technologies, Monza, Italy). The PCR program included one step at 50 1C for 2 min, one at 95 1C for 10 min and 40 cycles at 92 1C for 15 s and 60 1C for 1 min.
ELISA measurement of IFN-g and TNF-a Cytokine levels were determined before the blood of donors was genotyped. PBMCs were separated from whole blood on Ficoll-Hypaque (Sigma, Milan, Italy), centrifuged (400 g, 30 min), washed with RPMI 1640, distributed (10 5 PBMC per well) on a 96-well plate (Falcon, Milan, Italy) and incubated with heat-killed M. tuberculosis strain H37/Rv (10 6 CFU per well) for 48 h (the optimal number of M. tuberculosis to use was set in advance by a dose-response experiment). The supernatant was centrifuged (2000 g for 5 min) and added (50 ml per well) to a 96-well plate previously sensitized with mouse anti human TNF-a or mouse anti human IFN-g (BDPharmingen, Milan, Italy; 50 ml diluted 2 Â 10 À 3 per well; 4 h) and quenched with 3% BSA (100 ml per well; 2 h). Following incubation of the supernatant for 4 h, the plate was washed with PBS and incubated (in the order) with mouse anti-human TNF-a or mouse anti-human IFN-g diluted 2 Â 10 À 3 (50 ml per well; 4 h), rat anti mouse labeled with horse radish peroxidase diluted 10 À 3 (50 ml per well; 2 h) and TMB peroxidase substrate (100 ml per well; Biorad, Milan, Italy). Optical density was measured at 405 nm. Samples were run in triplicate.
Measurement of NO
Following incubation with M. tuberculosis, the PBMCs were centrifuged and the supernatant (100 ml) was mixed with 100 ml of Griess reagent (10 min). Optical density was measured at 570 nm. Nitrite concentration was measured using as standards 1, 10, 25 and 50 mM sodium nitrite solutions.
Statistical analysis and bioinformatics
ORs and 95% confidence intervals were calculated by Fisher's exact test using the statistical package GraphPad Prism version 5 (GraphPad, La Jolla, CA, USA). Sample size was calculated with the OpenEpi module 3.03.17 and the Hardy-Weinberg equilibrium by the Hardy-Weinberg calculator (http://www.oege.org/software/hwe-mr-calc.shtml). The Mantel-Haenszel test, the binary logistic regression analysis coupled with bootstrap resampling (2000 samples and 99% confidence intervals), the Generalized Linear Model procedure 31 and the univariate ANOVA with Tucky's HSD post hoc test were carried out using the statistical package SPSS version 19 (IBM Corporation, Armonk, NY, USA). MyD88 and TIRAP orthologs were retrieved by BLAST analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignments were carried out with MAFFT software v7.045b (http://mafft.cbrc.jp/alignment/ software) and maps visualized with the CLC Main Workbench 6.8.2 software. The relevance of mutations on the TIRAP protein function was predicted by the SIFT (http://sift.jcvi.org/) 32 and I-TASSER (http://zhanglab. ccmb.med.umich.edu/I-TASSER/) tools. 33 The human 3 0 UTR sequence of the MyD88 gene was scanned for the identification of regulatory elements using the Encyclopedia of DNA Elements (ENCODE; http://encodeproject. org/ENCODE/).
